By using appropriate Corynebacterium glutamicum-Escherichia coli shuttle plasmids, the gene encoding the fibronectin-binding protein 85A (85A) from Mycobacterium tuberculosis was expressed in C. glutamicum, also an actinomycete and nonsporulating gram-positive rod bacterium, which is widely used in industrial amino acid production. The 85A gene was weakly expressed in C. glutamicum under the control of the ptac promoter from E. coli, but it was produced efficiently under the control of the promoter of the cspB gene encoding PS2, one of the two major secreted proteins from C. glutamicum. The 85A protein was produced in various forms, with or without its own signal sequence and with or without the signal sequence and the NH 2 -terminal (18-amino-acid) mature sequence of PS2. Western blot analysis with monoclonal antibodies raised against the M. tuberculosis antigen 85 complex showed that recombinant 85A protein was present in the corynebacterial cell wall extract and also released in extracellular culture medium. NH 2 -terminal microsequencing of recombinant 85A secreted by C. glutamicum showed that signal peptide was effectively cleaved off at the predicted site. The recombinant 85A protein was biologically active in vitro, inducing significant secretion of Th1 T-cell cytokines, particularly interleukin-2 and gamma interferon, in spleen cell cultures from mice vaccinated with live Mycobacterium bovis BCG. Heterologous expression of mycobacterial antigens in C. glutamicum now offers a potent tool for further immunological characterization and large scale preparation of these recombinant proteins.
Acquired protective immunity against pathogenic mycobacteria is considered to be the result of interactions between phagocytic host cells harboring the intracellular pathogen and specifically sensitized CD4 ϩ and CD8 ϩ T lymphocytes. Activation of infected macrophages by the pivotal Th1 cytokine gamma interferon (IFN-␥), secretion of tumor necrosis factor alpha, and destruction of infected macrophages by cytotoxic T cells are thought to be the essential components involved in restricting mycobacterial infection in the immunocompetent host (18, 29) .
Improved strategies for the control of tuberculosis and leprosy depend on the definition of immunodominant and immunoprotective mycobacterial antigens (26, 56) . It has been known for over four decades that killed mycobacteria have a lower protective potential than living bacteria (6) , and it has therefore been argued that secreted proteins, produced only by actively metabolizing organisms and present in early mycobacterial culture filtrates, may be critical for the development of protective immunity (40) . This hypothesis was recently substantiated in experimental vaccination studies of mice and guinea pigs with crude mycobacterial culture filtrate (2, 21, 22, 45) .
The antigen 85 (Ag85) complex is the major 30-to 32-kDa protein component in culture filtrates from surface-grown Mycobacterium tuberculosis and Mycobacterium bovis BCG (55) . Antigens cross-reacting with the Ag85 complex from M. bovis BCG have been found in all mycobacterial species tested so far (55) . We and others have previously shown that Ag85 from M.
bovis BCG (and from M. tuberculosis, which displays an identical amino acid sequence) is a potent inducer of interleukin-2 (IL-2) and IFN-␥ and of cytotoxic T lymphocytes in most healthy individuals with primary infection by M. tuberculosis or M. leprae (32, 38, 46, 51) and in mice infected with live M. bovis BCG (24) . In contrast, T cells from only a minority of tuberculosis patients (those with minimal lung lesions) and from paucibacillary (but not multibacillary) leprosy patients were found to proliferate and secrete IL-2 and IFN-␥ to the Ag85 complex. Ag85 has also been used for the serodiagnosis of tuberculosis and leprosy (47, 53) . Recently we have vaccinated mice with plasmid DNA encoding Ag85 and have found that such DNA vaccine has powerful immunogenic properties, resulting in (i) robust Ag85-specific Th1 and cytotoxic T lymphocyte responses and (ii) protective efficacy against a subsequent aerosol challenge with M. tuberculosis, demonstrating that Ag85 is indeed a protective antigen for tuberculosis (25, 34) .
Ag85 is actually a protein family with three members: 85A, 85B, and 85C, with respective molecular masses of 32, 30, and 32 kDa (55) . These three components have different isoelectric points and can be separated by isoelectric focusing (16) . They are encoded by three distinct but highly homologous (about 75% similarity) genes, which probably arose by duplication and subsequent mutation, and these genes have now been cloned from different mycobacterial species (9, 11, (13) (14) (15) 36) .
The use of native mycobacterial proteins in serodiagnosis, fundamental immunological studies, and subunit vaccination is hindered by difficulties in growing the organism and purifying the antigens. Antigen aggregation, degradation in cell extracts, and particularly slow and fastidious growth are the main problems associated with purification of antigens from mycobacterial cultures (17) . The development of recombinant DNA systems for efficient expression of mycobacterial genes in Escherichia coli has previously allowed the efficient production of a number of mycobacterial intracellular stress proteins and cell wall-associated lipoproteins (for a review see reference 56). Heterologous expression of extracellular, secreted mycobacterial proteins, however, has proven to be more difficult. Thus, the major secreted Ag85 complex from M. tuberculosis and M. bovis BCG can be expressed in E. coli under the control of the tac promoter, but the product is unsuitable for T-and B-cell studies, due to its insolubility and accumulation in the inner cell membrane (11a).
This report describes for the first time the use of Corynebacterium glutamicum as an alternative host for functional heterologous expression of the M. tuberculosis 85A gene. This approach was chosen for the following reasons. (i) C. glutamicum is a gram-positive organism that has been engineered to produce large quantities of amino acids such as lysine and glutamate (for a review see reference 33). It has been used for industrial amino acid synthesis for several decades (30) , and thus there is much accumulated experience concerning appropriate fermentation conditions. (ii) C. glutamicum is nonpathogenic and produces no hazardous toxins. (iii) Techniques have recently been developed for genetic manipulation of Corynebacterium sp. (33, 50) . (iv) There is no broad-spectrum proteolytic activity detected in supernatants or cell extract of C. glutamicum cultures (27) , minimizing the potential problem of degradation of secreted heterologous proteins. (v) Corynebacterium and Mycobacterium genera both belong to the actinomycete phylogenetic branch and are closely related (28) . Interestingly, the deduced N-terminal region of PS1, one of the two major secreted proteins of C. glutamicum, is similar to the M. tuberculosis Ag85 complex (27) . The second major secreted protein from Corynebacterium is the surface layer protein PS2, encoded by the cspB gene (43) .
Using the 5Ј region of this cspB gene containing a powerful promoter and the PS2 signal sequence, we have constructed an M. tuberculosis 85A expression-secretion vector in C. glutamicum, and we show the expression in corynebacterial cell wall and culture filtrate of a recombinant 85A which retained its full B-and T-cell immunogenicity.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. Two strains of C. glutamicum were used in this work: C. glutamicum Bl15 (previously named Brevibacterium lactofermentum 15 [8] ; restrictionless, rifampin-resistant, derivative of ATCC 21086; accepting plasmids from E. coli) and C. glutamicum CGL1017 (previously named Corynebacterium melassecola [7] ; a derivative of ATCC 17965 that does not accept plasmids from E. coli but can grow in minimal synthetic medium). C. glutamicum was grown in 3.7% Difco brain heart infusion medium at 34°C with aeration such that the culture reached stationary phase after 10 h. A synthetic basal medium for Corynebacterium growth (BMCG) (19) was used with 2% sodium lactate as a substitute for the 2% glucose as carbon source.
was grown in Luria broth (LB) and used as an intermediate host for various constructions. Antibiotics were added to final concentrations of 100 g/ml for ampicillin, 25 g/ml for kanamycin, 10 g/ml for tetracycline (E. coli), and 15 (C. glutamicum) or 30 (E. coli) g/ml for chloramphenicol. C. glutamicum was transformed by electroporation as described previously (7). The Mycobacterium strain used was M. bovis BCG GL2 (Pasteur Institute of Brussels), which was grown for 2 weeks as a surface pellicle on synthetic Sauton culture medium at 37.5°C (10) .
The plasmids used in this work are listed in Table 1 . Construction of plasmids containing the various 85A gene fusions is described in Fig. 1 and 2 . Details of the various gene fusions are shown in Fig. 3 .
PCR amplification. PCR with Vent polymerase, in Vent reaction buffer (New England Biolabs) containing 150 M deoxynucleoside triphosphates (Boehringer Mannheim), was performed in 50-l reaction mixtures for 30 cycles of 1 min at 95°C, 1 min at 55°C, and 2 min at 72°C followed by a 5-min final extension at 72°C.
Sequence analysis. DNA sequences were determined by using doublestranded DNA by the primer extension dideoxy chain termination method (49) with T7 DNA polymerase (Sequenase; U.S. Biochemical) and universal primer for pUC19 according to the manufacturer's protocol.
Other DNA manipulations. Standard methods were used for DNA manipulations. Plasmids were isolated from E. coli and C. glutamicum strains by alkaline extraction (5) .
Preparation of cell extracts for Western blotting studies. E. coli whole-cell extracts were prepared as follows. Two milliliters of bacterial culture (optical density at 570 nm [OD 570 ] of 2) was harvested by centrifugation; the cell pellet was resuspended in 200 l of TE buffer (100 mM Tris-HCl, 10 mM EDTA [pH 8]) containing 2 mg of lysozyme per ml and incubated for 15 min at 37°C. An equal volume of sample buffer (31) was added, and the samples were subjected to Western blotting.
Proteins were extracted from the cell wall of C. glutamicum with sodium dodecyl sulfate (SDS), using the procedure described by Peyret et al. (44) . Two milliliters of culture (OD 570 of 7) was centrifuged at 12,000 ϫ g for 2 min. The pellet was resuspended in 100 l of 50 mM Tris-HCl (pH 6.8)-2% SDS and incubated at 100°C for 5 min. The suspension was recentrifuged at 12,000 ϫ g for 5 min. The supernatant containing proteins initially associated with the cell wall was collected. The cellular pellet was then treated for the preparation of wholecell extracts. It was washed, centrifuged, resuspended in 100 l of 50 mM Tris-Cl (pH 8) containing 10 mg of lysozyme per ml, and incubated for 1 h at 37°C. An equal volume of sample buffer (31) was added, and the samples were subjected to Western blotting. The supernatants were precipitated with 5% trichloroacetic and washed with acetone solvent. Preparation of the recombinant 85A-containing culture filtrate from C. glutamicum used in T-cell studies. Recombinant C. glutamicum Bl15 and CGL1017 strains were grown overnight in LB medium (OD 570 of 7). The culture supernatants were collected after centrifugation and precipitated with 80% (wt/vol) ammonium sulfate. The resulting pellet was dialyzed thoroughly against phosphate-buffered saline solution (PBS) and stored at Ϫ20°C.
Purification of recombinant 85A from C. glutamicum for microsequencing. Recombinant C. glutamicum CGL1017(pCGL1055) was grown overnight in BMCG (OD 570 of 12). The filtrate was clarified by filtration through 0.45-mpore-size Millipore membrane filters. The filtrate was concentrated 22-fold by ultrafiltration using Ultrasette OMEGA, a tangential flow device (threshold, 10 kDa), and a Filtron UltrapumpII adjusted to a flow rate of 1.8 liter/min and operating at 25 lb/in 2 (Pall-Filtron Technology Corporation, Northborough, Mass.). Proteins in the concentrate were first precipitated with ammonium sulfate (15%, wt/vol) to remove low-molecular-weight components. After the first centrifugation (4°C, 10,000 rpm for 20 min), the supernatant was precipitated with ammonium sulfate at 40% (wt/vol) and centrifuged, and the resulting pellet was dissolved in water.
Salts were removed by dialysis against 30 mM Tris-Cl (pH 7.5) (24 h, with three washes of 5 liters each). The supernatant was applied to an ion-exchange DEAE-Sephacel column (Pharmacia). The column was equilibrated with 30 mM Tris-Cl at pH 7.5 and eluted with a 0 to 200 mM NaCl gradient. The flow rate was maintained at 0.35 ml/min, and 2-ml fractions were collected. Fractions were monitored by gel electrophoresis visualized by Coomassie blue staining and Western blotting ( Fig. 5B and C) .
Fractions containing the purified protein 85A (14 ml) were pooled, dialyzed against water, and lyophilized. The pellet was resuspended in water (100 l); 70 l of this sample was denatured, and applied to SDS-polyacrylamide gel electrophoresis (PAGE), electrotransferred onto a Problot membrane, and visualized by Coomassie blue staining. The 32-kDa 85A protein was excised, and amino-terminal amino acid sequencing was applied by automated Edman degradation with a Biosystems 494 protein sequencer (Rhône-Poulenc-Rorer Laboratory, Vitry sur Seine, France).
Purification of native Ag85 from M. bovis BCG culture filtrate. Ag85 complex (30 to 32 kDa) and its 85A (32-kDa) component were purified from a 2-week-old culture filtrate of surface pellicle-grown M. bovis BCG (strain GL2 derived from the Paris 1173P2 strain) cultures grown on synthetic Sauton medium by sequential hydrophobic chromatography on phenyl-Sepharose, ion-exchange on DEAESephacel, and molecular sieving on Sephadex G-75 (12) .
SDS-PAGE and Western blot analysis. SDS-PAGE was done as described by Laemmli (31) . Samples were denatured in the presence of 2% SDS in 50 mM Tris-HCl (pH 6.8) and layered on a polyacrylamide slab gel containing SDS. The gel was stained with 0.1% Coomassie blue or used to electrotransfer proteins onto nitrocellulose sheets as described previously (52) . Membranes were blocked with 2% (wt/vol) bovine serum albumin in PBS with 0.05% (wt/vol) Tween 20 (PBST; pH 7.5) for 1 h, washed in PBST, and then incubated for 2 h with a mixture of two Ag85-specific monoclonal antibodies (MAbs), 32-15 and 17-4 (16, 24) , diluted 1/10 in PBST containing 1% (wt/vol) bovine serum albumin. Membranes were washed and incubated with alkaline phosphatase-conjugated antimouse immunoglobulin diluted 1/8,000 (Sigma). Bands were stained with Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-indolxylphosphate p-toluidine (Promega).
Mice. C57BL/6 and BALB.B10 mice (both H-2 b ) were bred in the animal facilities of the Pasteur Institute. Two-to three-month-old female animals were used in all experiments. Mice were inoculated twice (at 2-month interval) intravenously in the tail vein with 0.5 mg (Ϯ 2 ϫ 10 6 CFU) of freshly prepared M. bovis BCG GL2.
Cytokine production. Four weeks after the second M. bovis BCG vaccination, mice were killed by cervical dislocation and spleens were removed aseptically. Spleens from three mice were pooled and disrupted in a loosely fitting Dounce homogenizer, washed, adjusted to a concentration of 4 ϫ 10 6 cells/ml, and grown in round-bottom 96-microwell plates (Nunc, Roskilde, Denmark) in RPMI 1640 medium supplemented with glutamine, HEPES, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, antibiotics, and 10% heat-inactivated fetal calf serum. Total corynebacterial culture filtrates were tested at a final concentration of 50 g/ml. Purified mycobacterial 85A was used at 5 g/ml. The samples to be tested were added in a volume of 20 l to 180 l of cell suspension. Cells were incubated at 37°C in a humidified CO 2 incubator, and supernatants were collected after 24 h (IL-2) and 72 h (IFN-␥) .
IFN-␥ assay. Antiviral activity in culture supernatants was measured by using a cytopathic effect reduction assay with vesicular stomatitis virus as the challenge virus and mouse L929 fibroblastoid cells as described previously (23) . Titers were calculated as mean log 2 Ϯ standard deviation obtained from triplicate assays and converted to picograms/milliliter. In this bioassay, log 2 ϭ 1 corresponds to 220 pg/ml as assessed with a mouse IFN-␥ enzyme-linked immunosorbent assay (InterTest-g; Genzyme); the detection limit of this bioassay is 110 pg/ml.
IL-2 assay. IL-2 activity was measured by using a bioassay as described previously (23) . One hundred microliters of culture supernatant was added to 100 l of IL-2-dependent murine CTLL-2 cells (1.5 ϫ 10 5 /ml), and the mixture was incubated for 48 h of 37°C. Tritiated thymidine (specific activity, 8.3 Ci/mmol; Amersham) was added (0.4 Ci per well) during the last 6 h. Cells were then harvested with a Titertek Cell Harvester (Skatron), and radioactivity recovered from the filters was counted in a Betaplate liquid scintillation counter. Results are expressed as mean counts per minute obtained from duplicate cultures. In this bioassay, 50,000 cpm correspond to 3.12 IU of a standard IL-2 preparation (23) per ml, or about 600 pg/ml, and the detection limit is 10 pg/ml.
RESULTS AND DISCUSSION
Expression of the M. tuberculosis 85A gene from the ptac promoter in E. coli and C. glutamicum. The M. tuberculosis 85A gene including the sequence encoding its 43-amino-acid (aa) signal peptide (9) was inserted as a 1.04-kb FokI-BstEII fragment at the EcoRI site of pKK223-3 (Table 1 ) to give pKK223-3/85A ( Fig. 1 and 3 ). E. coli TG1 cell extracts were prepared and subjected to Western blot analysis with Ag85-specific MAbs. A faint band migrating to the same position as the native 32-kDa protein in M. bovis BCG culture filtrate was obtained, indicating that the signal peptide was cleaved off (Fig. 4, lane pKK-A) .
The ptac promoter is known to function in C. glutamicum (37) . To test whether the M. tuberculosis Ag85A could be directly secreted by its own signal peptide from C. glutamicum, a 1.32-kb BamHI fragment from pKK223-3/85A containing the 85A gene and the ptac promoter was inserted into the single BamHI site of the C. glutamicum shuttle vector pCGL243 to give pCGL1046 (constructed in E. coli TG1 [ Fig. 1 and 3] ). E. coli TG1 cell extracts gave a positive signal at the same position as pKK-A (Fig. 4, lane 1046) . C. glutamicum Bl15 was transformed with pCGL1046 and tested for immunoreactive polypeptide by Western blot analysis. Cell wall and culture filtrate fractions of C. glutamicum Bl15(pCGL1046) gave a positive signal at the same position as the native mature 85A protein (Fig. 5A, lanes 1046) . As a negative control, the C. glutamicum Bl15 strain harboring the empty pCGL482 plasmid (Table 1 ) was used. Despite its substantial sequence homology to the Ag85 complex, PS1 protein present in the C. glutamicum culture filtrate did not react with the specific Ag85 MAbs (data not shown).
Expression of the M. tuberculosis 85A gene under the control of the ptac and cspB promoters in E. coli and C. glutamicum. In a second phase, we tested the heterologous expression of the M. tuberculosis 85A protein from the cspB gene promoter in E. coli and C. glutamicum. Fragment BamHI-PstI containing the cspB gene promoter was inserted into the shuttle vector pCGL482 (Table 1) , giving pCGL846 (Fig. 1) , into which was inserted the 1.32-kb BamHI fragment from pKK223-3/85A containing the ptac-85A fusion to give pCGL1052 (Fig. 1) . pCGL1052 thus carries a transcriptional fusion between the cspB promoter and the ptac-85A fusion (Fig. 3, pCGL1052) . This construction was analyzed in E. coli by Western blotting (Fig. 4, lane 1052) and transferred into C. glutamicum Bl15. Production of immunoreactive polypeptide in C. glutamicum Bl15 was higher with pCGL1052 than with pCGL1046 (Fig.  5A, lanes 1046 and 1052) , which indicates that the cspB promoter is more suitable for the production of significant quantities of the 85A protein in C. glutamicum. Importantly, no degradation of the recombinant 85A protein was observed in C. glutamicum, confirming the lack of protease release in early corynebacterial culture supernatant. However, some degradation of heterologously secreted protein was detected at the end of the stationary phase, and this correlates with lysis of bacteria, accompanied by protease release (41) .
Expression of the M. tuberculosis 85A gene under the control of PS2 expression and secretion sequences. The shuttle vector pCGL847 (Fig. 1) is derived from pCGL482 and contains a 718-bp fragment of the cspB gene from the BamHI site at codon 48 in the cspB gene to the upstream EcoRI site. In pCGL847, the BamHI site of the cspB gene is followed by a multiple cloning site facilitating construction of fusion proteins (Table 1) .
A 2.46-kb NarI-XbaI fragment from pCGL1046 carrying the N-terminally truncated 85A gene, its downstream region, and a kanamycin resistance gene were inserted between the XbaI and BamHI sites in pCGL847 to give pCGL1047 (Fig. 1) , in which the cspB and 85A genes are fused at BamHI-NarI junction. The 1.78-kb-SalI fragment from pCGL1047 was subcloned into SalI-digested pCGL482 to yield pCGL1051, carrying a cspB-85A gene fusion. This gene fusion is in frame and encodes the 48 amino-terminal aa of PS2 (including the 30 aa of the signal peptide and the first 18 aa of the mature PS2 protein), the last 11 aa of the 85A signal sequence, and the complete mature 85A sequence under the transcriptional control of the cspB gene promoter (Fig. 3, pCGL1051) .
The production of 85A recombinant protein in E. coli and C. glutamicum harboring pCGL1051 was verified by Western blotting. A positive signal, corresponding to a protein with estimated molecular mass of 35 kDa, was found in whole-cell extract of E. coli (Fig. 4, lane 1051) and C. glutamicum Bl15 (Fig. 5A, lanes 1051) . The culture supernatant of C. glutamicum Bl15(pCGL1051) also contained significant amounts of a immunoreactive protein with an estimated molecular mass of 35 kDa (the calculated hybrid PS2-85A protein molecular mass being 34,410 Da). In C. glutamicum Bl15 cell wall extract, an additional protein band with estimated molecular mass of 28 kDa was detected in similar quantities as the 35-kDa band. It is not clear whether cleaving of this 85A form occurred at the carboxy-or at the amino-terminal end of the recombinant protein.
An in-frame gene fusion between the sequence encoding the PS2 signal peptide (30 aa) and the sequence encoding the complete mature 85A protein was obtained, using oligonucleotides a and b as PCR primers to amplify the 1.7-kb recircularized SalI fragment from plasmid pCGL1051 (Fig. 2) . A 1.7-kb PCR product was purified, digested with XbaI, and circularized with T4 DNA ligase. This procedure deleted in vitro the 29-aa region between the PS2 signal peptide and mature 85A protein of pCGL1051 (Fig. 3) . Then the circularized product was linearized with SalI and finally subcloned into the SmaI site of the E. coli (pUN12) vector to create pCGL1054 ( Fig. 2 and 3) .
Production of 85A protein from pCGL1054 in E. coli TG1 was verified by Western blotting (Fig. 4, lane 1054) . The inframe gene fusion was confirmed by sequencing both strands of the 98-bp PstI fragment corresponding to the region overlapping the new XbaI site after subcloning of the specific PstI fragment from pCGL1054 in the pUC19 vector, leading to pCGL1060 (Table 1) . DNA sequence analysis indicated that the codon (CCG) corresponding to the fourth amino acid of the mature 85A protein (proline) had been deleted, possibly due to a mistake during the synthesis of the oligonucleotide primers used in PCR amplification.
pCGL1054 is unable to replicate in C. glutamicum. The PS2-85A fusion (SalI/BglII fragment from pCGL1054) was FIG. 3 . Schematic representation of the M. tuberculosis 85A expression constructs pKK223-3/85A, pCGL1046, pCGL1047, pCGL1052, pCGL1051, pCGL1054, and pCGL1055. The boxes represent the coding regions of the genes by identification of their corresponding signal sequences; transcription of these fusions is controlled by the tac or and cspB promoter. 85A, M. tuberculosis 85A (mature part); SS-85A, 85A signal sequence; SS-PS2, PS2 signal sequence; 18 aa, first 18 aa of PS2; 11 aa, last 11 aa of 85A signal sequence; 2, cleavage site. The primers (a and b) used to amplify the 1.7 kb fragment from ligated SalI digests of pCGL1051 DNA were purchased from Appligen (see text for further details). Primer a (arrow a) corresponds to the region of cspB extending from the putative signal sequence cleavage site to seven codons upstream the cspB sequence signal region. Primer b (arrow b) corresponds to the region of 85A extending from the signal sequence cleavage site of 85A to eight codons downstream the NH 2 -terminal part of mature 85A; both oligonucleotides contain in their 5Ј-terminal regions an XbaI site (sequence underlined) used to construct an in-frame gene fusion between the sequence encoding PS2 signal peptide and the sequence encoding the complete mature 85A protein. 85A, M. tuberculosis 85A (mature part); pcspB, cspB promoter; SS-PS2 or SS, PS2 signal sequence; 18 aa, first 18 aa of PS2; 11 aa, last 11 aa of 85A signal sequence. therefore inserted into the shuttle vector pCGL482 (Fig. 2) , giving rise to pCGL1055 ( Fig. 2 and 3 ). E. coli(pCGL1055) and C. glutamicum Bl15(pCGL1055) contained immunoreactive protein in the whole-cell extract (Fig. 4, lane 1055 ) and in the cell wall extract and culture filtrate fraction (Fig. 5A, lanes  1055) , respectively. In all cases, the immunoreactive protein migrated in SDS-PAGE at an apparent molecular mass of 32 kDa (not different from its calculated molecular mass of 31,534 Da).
Expression, as measured by immunoblotting, of pCGL1055 encoding the mature 85A sequence coupled directly to the PS2 signal sequence, was slightly lower in both cell wall extract and culture supernatant than expression of pCGL1051, containing in addition the first 18 aa of the mature PS2 protein and the last 11 aa of the 85A signal peptide. In this respect, several examples have demonstrated the importance of the NH 2 -terminal region of a mature protein for optimal production and secretion efficiency (3, 43) . On the other hand, it cannot be totally excluded that the pCGL1055 derived recombinant protein was, for some reason, less stable.
Production and purification of M. tuberculosis 85A in C. glutamicum CGL1017. All plasmid constructions were independently transferred to C. glutamicum CGL1017, which can grow on minimal BMCG, facilitating subsequent purification of the immunoreactive protein. Western blot analysis of transformed C. glutamicum CGL1017 strains gave results similar to those for C. glutamicum Bl15 (data not shown).
The 32-kDa immunoreactive protein was purified from culture supernatant of C. glutamicum CGL1017(pCGL1055) (as described in Materials and Methods) and could be visualized after SDS-PAGE by both Coomassie blue staining (Fig. 5B ) and Western blotting (Fig. 5C) . Microsequencing of the purified 32-kDa protein resulted in the sequence FSRGLPVEYL, confirming DNA sequencing results that the proline in position 4 between Arg-3 and Gly-5 from the mature mycobacterial 85A protein had indeed been deleted in the recombinant corynebacterial fusion protein. This result demonstrates that the immunoreactive protein corresponds to the mature 85A protein and that signal peptide of the fusion protein was effectively cleaved off at the position predicted by the analysis of the cspB gene DNA sequence (43) that is after Ala-30.
Spleen cell cytokine secretion in response to C. glutamicum 85A culture supernatants. Recombinant 85A-containing culture supernatants were prepared from the transformed C. glutamicum CGL1017 strains and tested as inducers of Th1 cytokine production in spleen cell cultures from M. bovis BCGvaccinated C57BL/6 and BALB.B10 mice ( Table 2 ). Culture supernatants from the recombinant strains containing plasmids pCGL1051 and pCGL1055 induced significant IL-2 and IFN-␥ levels. The presence of PS2 amino acids at the NH 2 terminus of the 85A hybrid in pCGL1051 apparently did not affect subsequent processing and interaction with the T cell receptor. Filtrates from C. glutamicum CGL1017 harboring pCGL1046 and pCGL1052 were less active, as expected from their lower expression signal in Western blot analysis. Similar results for IL-2 and IFN-␥ production were obtained with recombinant culture filtrates from C. glutamicum Bl15 carrying the same plasmids (data not shown).
This analysis shows that the PS2 promoter and signal sequence are efficient for optimal secretion of immunoreactive material in corynebacterial culture filtrate. Moreover, low levels of IL-2 and IFN-␥ were also detected in spleen cell cultures from M. bovis BCG-vaccinated mice stimulated with culture filtrate from C. glutamicum CGL1017, the control corynebacterium with the empty vector. This may have reflected a crossreactive immune response against the corynebacterial PS1 protein, which is highly homologous in its NH 2 region with Ag85 from Mycobacterium (27) and which contains peptide regions that are very similar to regions in the 85A protein from M. tuberculosis with defined T-cell epitope characteristics for H-2 b mice (24, 25a) .
Heterologous expression of mycobacterial proteins in C. glutamicum may offer a major breakthrough for large-scale fer- mentation and purification of biologically active recombinant mycobacterial antigens from extracellular culture medium and may be valuable for improved serodiagnosis of tuberculosis and leprosy, for immune characterization, and for experimental subunit vaccination strategies. With respect to the latter, C. glutamicum strains are unfortunately not suitable as live vaccine vectors themselves, because of their sensitivity to 37°C and their immediate in vivo destruction, which hampers all antigenic presentation (25b) .
By using the same cspB promoter, expression and secretion of the 85B and 85C genes from M. tuberculosis can now also be envisaged. Large-scale production and purification of these antigens from C. glutamicum CGL1017, adapted to grow on minimal synthetic medium, will be attempted, enabling a rigorous comparison of the three components of the Ag85 complex. Finally, M. leprae, the only mycobacterial species that thus far cannot be cultivated in vitro, also encodes the genes for the three Ag85 homologs (13, 15, 42) . Hence, heterologous expression in C. glutamicum of these Ag85 homologs from M. leprae now also has become possible and should facilitate further immunological characterization of these antigens.
Ag85 complex binds to fibronectin (1) and was described to interact with the complement receptor type 3 on monocytes (20) , which has led to the suggestion that the complex may play a role in macrophage invasion. Furthermore, it may also be involved in bacterial aggregation, as M. bovis BCG grown as a stationary surface pellicle secretes larger amounts of the protein than immersed M. bovis BCG grown in detergents and with shaking (10a, 54). Whereas PS2 from C. glutamicum has been reported to constitute the surface layer organization (43) , the role of PS1 is unclear. Among other similarities, mycolic acids are found in the cell walls of both corynebacteria and mycobacteria. Interestingly, a recent report indicates that each of the components of the mycobacterial Ag85 complex can act as a trehalose mycolyltransferase involved in the final stages of mycobacterial cell wall assembly, making them potential targets for new antimycobacterial drugs (4) . Whether PS1, homologous in its NH 2 -terminal part to 85A from M. tuberculosis, also displays such enzymatic activity remains to be determined.
